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Oxidation of Silicon Carbide: Problenls and SolutiollS

V. V. Afanas'ev 1. M. Bassler2. G. Pensl2, and A. Stesmansl

1Departmentof Physics, University of Leuven, Celestijnenlaan 200D. B-3001 Leuven. BELGIUM
2 DepartmentofApplied Physics, University of Erlangen-Nurnberg, Staudtstrai3e 7. D-91058Erlangen,

GERMANY

Amongcompoundsemiconductors the unique property of silicon carbide (SiC) to form a wide-
bandgap native oxide attracted great interest for development of SiC-based metal-oxide-

semiconductor (MOS)electronic devices. The core process in MOS-technology- thermal

oxide growih-whenapplied to SiC wasdemonstrated to yield silicon dioxide (Si02) Iayers of
comparable insulating" quality as in the case of silicon, where it has secured the continuing
triumph of Si MOSelectronics. However, in the case of SiC, the development of practical

MOSdevices is still hamperedby the much inferior electrical quality of the SiC/oxide
interfaces than the SilSi02 Ones, mostly in terms of interface defect density Moreover,
additional problems arise because SiC MOSdevices are intended to extend the range of
application of solid-state electronics to high temperatures and electric fields. As the result, the

Si02 gate insulator faces exposure to an environment it never had to tolerate before, and hence,
rellability issues becomeimportant even for relatively thick gate oxides Therefore, the future

progress of SiC MOSapplications will significantly dependon the basic understanding of these
problems, which can pave the wayto their solution

Thegoal ofthe present review is to combinethe available experimental and theoretical results,

both regarding SiCISi02 and Si/Si02, with the view to address the current understanding of
physical and chemical nature of the SiC/Si02 interface imperfections and the oxide
degradation. Onthe basis of this understanding, possible approaches to improvement of the
SiC/insulator properties will be discussed.

The first major problem concerns the SiC/Si02 interface states: While the oxide itself exhibits
densities of. electron and hole traps comparable to the densities encountered in the oxides

grown on silicon, the typically reported densities of the SiC/oxide interface defects are by
orders of magnitude larger than at Si/Si02 interfaces The latter is largely related to the fact that

a considerable number of SiC/Si02 interface states appear stable against inactivation

(passivation) by hydrogen. Thoughtypical for the (111)SilSi02 interface (isomorphic to Si-

faces of hexagonal SiC), Si-dangling-bond type defects are also present at the SiCISi02
interface, they, however, can be easily passivated by H, and so, do not represent an immediate
danger. The possible origin of the states stable against interaction with Hhas been discussed
for years, and currently, two suggestions have received substantial experimental support:
clustering of excess carbon at the SiC/Si02 interface, and the presence in the near-interfacia]

oxide layer of defects with energy levels within the SiC bandgap. To battle these imperfections
several approaches have been used recently, Iike SiC surface engineering, Iow-temperature
post-oxidation, oxide nitridation, etc. There is, however, a general trend suggesting that the
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processes determining the elimination of the defects in the upper and lower parts of the SiC
bandgapare not always correlated. This might be related to the different origin of the donor-

type states dominant in the lower half of SiC bandgapand the acceptor-type states near the

conduction band edge. So, it is possible that there exists no single technological solution which
would enable simultaneous elimination ofthese defects. Interestingly, it will be shownthat the

growih of ultra-thin ( 5nm) oxides might be of advantage because it allows one to reduce the
total amountof excess carbon by minimizing the consumedSiC volume. At the sametime, thin

oxides can easily be nitrided, which wasshownbefore to reduce the oxide defect density.

As regards the second problem, the basic features of electrical degradation and breakdownof
Si02 have been studied in detail in Si MOSdevices. The degradation appears to be determined
by injection of electrons and holes into the oxide accompaniedby the release of atomic
hydrogen, acting as catalist in bond-rupture processes. In the case of SiC, the injection-induced

degradation maybe considerably accelerated because the lifetime of a "hot" charge carrier

increases in a wide bandgapsemiconductor as comparedto Si, Ieading to an enhancedcarrier

injection probability. Moreover, the high strength of electric field expected to be present in the

gate oxide (particularly near p-n junction regions) maycause further "heating" of the electrons

injected into Si02 ultimately leading to its breakdown. To counter these injection-induced

effects one might consider reduction of the electric field strength in the oxide by employing a
gate insulator with higher dielectric constant than that of Si02 (8= 3.9). Such insulators are
currently under intense investigation for deep-submicron Si MOStechnology, and several

materials like Al203 (8~7-8), Zr02 (8*15-20), and Hf02 (8~~20-25) were shown to be
compatible with standard MOSprocessing The major constraint in the application of these

materials to SiC consists in their relatively narrow bandgaps(5-6 eVwide) which would result

in low valence band offsets and, consequently, in high leakage current. Nevertheless, the

experience gained on Si substrates indicates that this problem maybe successfully overcome
by applying a stack of ultra-thin Si02 and high permittivity oxide because the latter can be
deposited in amorphousphase at temperatures as low as 300-3 50 'C.

Amorecomplexreliability issue concerns the degradation ofthe SiC/oxide interfaces observed

upon electrical biasing at elevated temperatures. This phenomenon,known in Si MOS
structures as the bias-temperature instability, is basically related to the formation of protonic

species in the near-interfacial Si02 (by trapping holes from the semiconductor) and their

subsequent interaction with the semiconductor surface. Moreover, even without application of

an electric field, proton-1ike species can be created by interface ionization of hydrogen
observed both for Si and SiC at temperatures above 500 'C. As hydrogenpassivation of defects

necessary to fabricate an operational MOSdevice, its uncontrolled release afterwards cannot be
excluded, particularly under conditions of current flow. The obvious (but only partial) solution

consists in reduction of electric field at the SiC/oxide interface in devices intended for

operation at elevated temperature. However, for the surface-channel MOSdevices, the H-
related degradation may appear the factor that will limit the temperature range of Si02
application as a gate insulating material.
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Recentadvances in 4H-SiCMOStechnology has rejuvenated interest in developing this structure
for powerMOSFETapplications. The incorporation of post oxidation annealing in pure nitric

oxide (NO) arnbient at elevated temperatures has showndramatic reductions in interface state

density and significantly improved performance on test MOSFETdevices[l]. However, before
this breakthrough can be applied to real powerMOSFETdevices, wemust understand howth~

NOannealed MOSinterface is affected by process and design constraints relevant to power
device fabrication. In this paper weshowthat the benefits ofthe NOanneal are not lost in the

presence of an implanted p-well and the high temperature auneal necessary to activate the p-type
implants. For the first time, we present Hall Effect measurementsthat further verify the

improved mobility ofelectrons in the inversion layer due to NO. And, thanks to the uniformity
and isotropy ofthe NOpassivation, weare able to scale-up to large area (1 mmx 2mm)devices
delivering 2Aof on-state current at a2.05 Vforward drop!

4H-SiCn-channel MOSdevices were fabricated on a3umepilayer dopedin the high 1015 cm~3.

Half of the wafer wasaluminumimplanted in order to simulate the effects of forming the MOS
channel on a p-well. Nitrogen was implanted to form the source/drain regions. The implants

were activated with a 5min 1600"C argon anneal. A control sample was oxidized using the

standard 1200"Cdry + 950~Cwet recipe [2]. Asecond samplewasoxidized at 1150~Cwet for

2.5 hr and then annealed in NOat I175"C for 2hr. Molybdenumand nickel were used for the

gate and contact metallizations respectively. Figure I showsa collection offield effect mobility

from 100 umx 100 umMOSFETSon these two wafers. Note that the NOannealed devices

show higher mobility which is independent of location and channel orientation-necessary
criteria for successfully scaling to large area devices. Aparticular concemfor DMOSstructures
is the MOSFETmobility on implanted p-wells where mobility has beenshownto degrade by at
least an order of magnitude. The NOannealed MOSFETSremarkably exhibit very minimal
mobility reduction on implanted p-wells-a very encouraging result for the DMOSFET.
Extracting true carrier transport properties can be difficult with MOSFET-basedtechniques due
to the large amountof trapping that occurs at the MOSinterface. However, the Hall Effect

measurementdoes not suffer from such drawbacks[3]• Figure 2 shows the result of Hall

measurementson a Vander PauwMOSHall bar for both NOannealed and unannealedsamples.
Consistent with the drifi result, the NOsample showsa higher channel mobility surpassing 60
cm2/Vs. Hall data can also be analyzed to extract interface trap density near the conduction band
(Fig. 3) on p-type MOSFET-likestructures instead of n-type MOS-capacitors[4]• A small but
significant reduction in interface trap density is observed in the NO-annealedsample.

To test the scalability of the NOanneal technology, we fabricate interdigitated I mmx 2mm
lateral MOSFETS.These devices have 20 umwide source/drain fingers separated by 3um
chaunels resulting in a cell pitch of 23 um. The forward characteristics of such a device are
given in Fig. 4. Theaforementioned high current level (2 A) is obtained by applying 20 Von the

gate (16 V above threshold resulting in 3.5 MV/cmstress on the gate oxide) and 2.05 V of
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forward bias. This results in a specific on-resistance of 10.3 m~cmwhich is the lowest reported

value for any inversion-mode 4H-SiCMOSdevice. In conclusion, wehave found the NOanneal

to outperform the previous state-of-the-art MOSprocess in 4H-SiC, making this an ideal

candidate for implementation in powerMOSFETprocessing thereby ushering in a newera of
SiC powerMOSdevices.
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SiC Metal Oxide Semiconductor (MOS)devices are severely impacted by the large

density of interface states present at the SiC:Si02 interface. Interface states near the conduction

band-edgeare particularly effective at inhibiting SiC device performance. Early improvements
in oxidation processes reduced interface states only from the valence bandto mid-gap.1 More
recent progress has beenaccomplished using anNOanneal2,3 which lowers the interface state

densities near the conduction band-edge. While these improvementsusing NOannealing are

important, use of this gas in traditional furnaces is not desirable with the health risks associated

with pure NO. UseofN20has beenpursued and effectively developed as an alternative to NO.

Asshownin Figure I,
the temperature of the N20processing is critical. At lower

temperatures (11OO'C), exposing an existing oxide to N20increases the interface state density,

as shownby comparing the heavy solid line representing a thermal oxide to the data for the same
thermal oxide exposedto an 1100'C N20anneal. At 1200'C, the thermal oxide is dramatically

improved with the N20auneal. Thermal oxides processed in a wet ambient are moreimproved

by the 1200'C N20anneal, as seenby comparing the solid circle to the opencircle data.
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Thebest results are obtained using a 1300'CN20process. At this temperature, the
oxidation of SiC is significant. So, in addition to annealing existing oxides in N20, someoxides

were grown in the N20ambient (500 Awasgrown in 3hours). Growingthe oxide in N20saves
about 9hours of processing time over annealing an existing oxide in N20, by eliminating the
oxidation step. Thesamesuperior results are obtained regardless of whether the oxide is grown
prior to N20processing or grown in N20.

MOSFETSprocessed with our earlier 1200'CN20annealed oxide hadhigher effective
surface channel mobility than devices that did not receive the N20anneal, as shownin Figure 2.

The interface state densities measuredon nearby p-type capacitor structures andcorresponding
n-type capacitors are shownin Figure 3.

Thereduction in interface state density directly
correlates with an improvementin effective surface channel mobility.

Wewill also have effective surface channel mobility data on 4H-SiCMOSFETSWith
oxides grown in N20at 1300'C to present at the conference.
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4HSilrcon carbide (SiC) metal-oxide-semiconductor field-effect-transistor

(MOSFET)is expected as a promising candidate for a high-speed and low-loss switching

power device. However, there have been few satisfactory results regarding the fabrication

of 4H-SiCMOSFETwith high inversion channel mobility. It has beenpointed out that high

interface trap density (Dit) at Si021SiC interface lowers the inversion channel mobility,

resulting in high on-resistance (RoN) of 4H-SiC MOSFET.Yano et al, reported that the

inversion channel mobility of around 30 cm2/Vs in 4H-SiCMOSFETwasobtained utilizing

(11 2O) face instead of conventional (OOOl) Si face, but was not sufficient to reduce the

RoN.[1] Wehave reported that hydrogen post oxidation annealing (H2 POA)reduce the Dit

near the conduction-band edge of the n-type 4H-SiC MOSstructures on (OOO1)Si face.[2]

In this study, the significant irnprovement of the inversion channel mobility in 4H-SiC

MOSFETfabricated on (1 12O) face using H2POAis reported.

N-channel MOSFETSwere fabricated on p-type epitaxial layers grown in our group

on n-type 4H-SiC substrates with the (1 12O) face orientation purchased frorn Nippon Steel

Co. The thickness and the effective doping density of the epitaxial layers were 3.5 umand
lxl015 cm~3 respectively. Source and drain regions were formed by phosphorus ion

implantation at 500'C with the total dose of 7xl015 cm~2. Post implantation annealing was
perfonned at 1500'C for 5min in Ar. Gate-oxides were thermally grown in water vapor

atmosphere [wet oxidation, samples (a) and (b)] at I150'C and were in-situ annealed in Ar at

the oxidation temperature for 30 min, resulting in oxide thickness of49 nm. In addition, the

sample (b) wasannealed in pure hydrogen at 800'C for 30min [H2 POA]. Alurninum was
evaporated as the gate and source/drain contact metals. The channel length (L) and width

(W) were 100 and 150 um, respectively. Electrical measurementswere carried out at room
temperature using a Hewlett-Packard Semiconductor Parameter Analyzer 4156B. Thedrain
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current wasmeasuredalong [OOOl] direction.

Figure I shows typical drain current (ID) - drain voltage (VD) characteristics of

4H-SiC MOSFETwith gate-oxide prepared by wet oxidation following H2POAfabricated

on the (11 2O) face [sample (b)] for different gate voltages (VG) betweenOand 12 V. The
ID-VD characteristics exhibit excellent linear and saturation regions. The results of a
field-effect mobility (llFE) measurementfor both the wet gate-oxide 4H-SiC MOSFETSWith

andwithout H2POAare shownin Fig. 2. The11FEWascalculated from ID-VGcharacteristics

at VD=0.1V. Thepeak 11FEofthe sample (a) is almost the samevalue with that reported by
Yano et al.[1] The gate-oxide preparation process including the H2 POAdrastically

enhances the 11FEand results in the peak llFE Of I10 cm2/Vs in the samples (b). Thevalues

of a subthreshold voltage swing for the samples (a) and (b) are 204 and 85 mV/decade,
respectively. This result suggests the H2 POAreduces the Dit' To our knowledge, the

inversion channel mobility of 110 cm2/Vs is the highest for lateral n-channel 4H-SiC

MOSFETSWith a thermal gate-oxide reported until now.
This work wasperformed under the managementof FEDas a part of the METINSS

program(R&Dof Ultra-Low-Loss PowerDevice Technologies) supported by NEDO.
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1. Introduction

SiC is a wide-gap semiconductor that is less reactive than

Si, and thus thermal oxidation of SiC requires high

temperatures above 1050'C [1-4]. Such high temperature

heat treatments degrade interfacial properties, e.g., high

mterface state densrty more than 1011 cm~eV~1 [3,4]• We
have recently found that the Si oxidation proceeds at

-200 'C by use of perchloric acid [5,6] and the resulted

silicon dioxide (Si02) Iayers possess a low interface state

density of 1.5xlOro cm~2eV~1 even without hydrogen

treatment r6]. In the present study, this noble method is

employed in the formation of SiC-based MOSstructure.

Wehave found that the concentration of graphitic carbon at

the interface is very low in cases where post-oxidation heat

treatment is performed at 950 'C, resulting in the low
interface state density of lxlOll cm~2eV~1.

2. Experiments

MOSstructure was fabricated using a nitrogen-doped

n-type SiC epitaxial layer of -10 !L mthickness with the

donor density of 6xl015 cm~3 formed on a 6H-SiC(OOO1)
wafer. An Si02 Iayer wasformed by the immersion of the

wafer in concentrated perchloric acid (HCI04) at the boiling

temperature of 203 'C. Post-oxidation heat treatments were
performed at temperatures ranging between950 and 1150 'C
in nitrogen. Then, aluminum(Al) dots of 0.15 mmdiamter

were formed on the surface, resulting in

SiC(OOO1)>MOSstructure.

3. Results and discussion

Figure I shows the plot of the thickness of the Si02

layer vs, the immersion time in HCI04at 203 'C. It is seen
that thick Si02 Iayers of -80 nmthickness can be formed in

spite of the low oxidation temperature. The plot is almost

linear, indicating that the oxidation is reaction-limited [7], in

contrast to diffusion-limited conventional thermal oxidation

[8]. This result shows that diffuison of the oxidizing

species (i.e., O~ ions formed by the decomposition of CI04~

ions [5,6]) through the growing Si02 Iayer proceeds

smoothly. The inward migration of O~ ions is likely to be

promotedby the electrical field induced in the Si02 Iayer by

CI04~ ions at the surface [6]. The reaction at the interface

proceeds at the low temperature because of the high

reactivity of O~ions.

Wehave found that the leakage current density of the

MOSdiodes was high without

post-oxidation heat treatment due to the presence of Cl~ and
CI04~ ions in the Si02 Iayer, while with post-oxidation heat

treatment above 900 'C in nitrogen, it becamesufficiently

low, i.e., Iess than 10~8Acm~2at the gate bias of 5V.
Figure 2shows the capacitance-voltage (C-V) curves

of the MOSdiodes. Whenthe

post-oxidation heat treatment was performed at 1100 'C
(curve a), the high-frequency (solid line) and quasi-static

(dotted line) C-Vcurves deviated from each other, due to the

presence ofhigh density interface states. Fromthese curves,

the interface state density at 0.5 eV below the conduction

bandminimumis estimated to be 3xlO11 cm~2eV~1.Whenthe

post-oxidation heat treatment temperature was lowered to

950 'C, the deviation betweenthe high-frequency and quasi-

static C-V curves becamemuchsmaller (curve b). In this
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case, the interface state density at 0.5 eVwasestimated to be
lxlO11 cm~2eV~1.

Figure 3 shows the XPSspectra for the SiO~6H-
SiC(OOO1)interface. For XPSmeasurements, thick Si02
layers were formed by the immersion in HCI04, followed by
etching of the layers with a I %HFsolution. The etching

was stopped when the substrate Si 2p peak as well as the

oxide peak wasobserved with considerable intensities (Si02
thickness: 2.5 nm). After post-oxidation heat treatment at

1150 'C, a CIs peak due to graphitic carbon wasobserved
in the higher energy side of the SiC substrate peak (spectrum
a), and its amount is estimated to be 1.3 monolayer. The
intensity of the C Is peak due to graphitic carbon was
markedly reduced by lowering the post-oxidation

temperature to 950 'C (spectrum b), and in this case its

concentration is estimated to be 0.6 monolayer. It should

be noted that for the thick Si02 Iayers formed with HCI04,

no C Is peak due to graphitic carbon was observed,

indicating that carbon wasnot present in the bulk of the Si02
layer.

Comparisonof Figs. 2and3Ieads to the conclusion that

the interface states are mainly due to graphitic carbon. In

the case of thermal oxidation at high temperatures, Ioss of Si

occurs, resulting in the formation of graphitic carbon at the

interface [9]• For the oxidation by HCI04, the formation of
graphitic carbon does not occur because of the low
temperature oxidation in addition to the high reactivity of

HCI04With carbon. However, the Si02 Iayers include Cl~

and CI04~ ions with the total concentration of 0.2 atomic%,
and these species act as trap states, resulting in the high

leakage current density
.

For the removal of the Cl-species,

post-oxidation heat treatment is necessary. In this case,
however, post-oxidation heat treatment should be performed
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3 XPSspectra in the CIs region for the SiO~SiC
interfaces with post-oxidation heat treatment at the

following temperatures: a) 1150 'C, b) 950 'C.

at temperatures lower than 950 'C in ordeT to

formation of graphitic carbon at the interface.

Fig.

prevent the

4. Conclusions

Wehave developed a low temperature fabrication

methodof SiC-based MOSstructure by use of HCI04. In

spite of the oxidation at 203 'C, an Si02 Iayer sufficiently

thick for the MOSapplication can be formed. Whenthe

post-oxidation heat treatment is performed at 950 'C, the

concentration of the interfacial graphitic carbon is very low,
resulting in the low interface state density of lxlOll cm~2eV~1

at 0.5 eVbelow the conduction bandminimum.
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